One way towards a predictive design methodology is through modeL-informed empiricism. It involves modelling the principal (dominant) damaging process{es) and building a simple mathematical description of the mechanism{s) into appropriate empirical laws of composite material behaviour.
Introduction
While a simple empirical rule can describe a set of experimental data of a composite's response to a stress, it provides no guidance in predicting behaviour under different states of stress. or temperature. or environment. This is because the empirical information contains no knowledge about the mechanisms of damage or changes in microstructure. One way forward is first identify the principal failure mechanism(s). and to model it (them). (A model is a gross simplification of the mechanism but containing the essential elements only). This is illustrated by way of an example using a new branch of mechanics called "damage Jnechanics":. spli tting and delamination in a cross-ply carbon fibre-epoxy laminate.
Observation of JBmage Pro~tion
in a O1rbon Fibre-Epoxy Laminate Two X-ray images of a typical notched (90/0) carbon fibre-epoxy s laminate damaged in monotonic and cyclic tensile loading is shown in fig. 1 . The three components of damage visible are:
(I) splitting in the 0°plies; (2) delamination between the 0°and 90°plies; (3) transverse ply cracking in the 90°plies.
Damage propagation is self-similar and the delamination front makes a constant angle (a) with the split at its tip. This angle can be measured and lies between 4°and 7°. depending on ply thickness and matrix toughness. Split length (i) can also be measured for a given set of material and experimental variables. laminate geometry, state of stress, number of load cycles, and so on.
JIodelling the 1)ulI!age in JIonotonic Loading
The propagation of the notch tip damage zone is self-similar: it simply grows in scale. For an increment of split growth, 6t, the energy required to form new crack surfaces, oE • is given by:
G s is the energy per unit area of split surface; G d is the energy per unit area of delamination surface; t is the thickness of a 0°ply.
There is a release of global energy when the split extends {damage propagates} accompanied by an increase in compliance {DC} of the specimen:
For a notched laminate ( fig. 1 ). P would be the applied load on one quadrant of the specimen:
a~is the remote applied stress on a specimen of width W.
{3}
If damage is to propagate, then oE r~o Es' which for the limiting case leads to:
(The LHS of eqn. (4) can be thought of as the damage driving force or strain energy release-rate. G. and the RHS as the effective toughness. G c' of the laminate which increases with l or damage zone size).
This expression can be evaluated by determining OCtol. measuring e as a function of applied stress. and measuring a. A finite element model can be used to determine OCtol numerically (1).
Setting l =0 and rearranging eqn. {4} gives the load for split initiation which can be measured, from which G is deduced: s
For subsequent split growth under increasing load:
Using a finite element model (1) we have shown that provided l/a~6 (a is notch length), OCtol is constant, dependent only on the angle a and lay-up construction of the laminate.
The value of G d is deduced by comparing the model with experimental data of split length as a f~ction of applied stress. (da/dN) is the crack growth-rate ofa single crack; AK is the crack tip stress intensity factor; A l and m are the empirical constants. This can be re-cast in terms of the split growth-rate, d2/dN, for the composite and the strain energy release-rate, G (using (K 2 a G):
This, however, is inadequate when the split and delamination cracks grow in combination. It is appropriate to normalise AG by the current value of toughness, G c' (as measured in monotonic loading):
Combining equations (1) (2) (9):
(10)
For an initial split length, 2 , (which can be determined using eqn. 
